Signals in long-distance pipes are complex due to flow-induced noise generated in special structure, and the computation of these noise sources is difficult and time-consuming. To address this problem, a hybrid method based on computational fluid dynamics and Lighthill's acoustic analogy theory is proposed to simulate flow-induced noise, with the results showing that the method is sufficient for noise predictions. The proposed method computes the turbulent flow field using detached eddy simulation and then calculates turbulence-generated sound using the finite element acoustic analogy method, which solves acoustic sources as volume sources. The velocity field obtained in the detached eddy simulation computation provides the sound source through interpolation between the computational fluid dynamics and acoustic meshes. The hybrid method is validated and assessed by comparing data from the cavity in pipe and large eddy simulation results. The peak value of flow-induced noise calculated at the monitor point is in good agreement with experimental data available in the literature.
Introduction
As the analyzing of the signals in pipes is crucial for the safety monitoring, the prediction of these signal is studied in many experiments and numerical simulations. 1 For example, Moon et al. 2 used large eddy simulation (LES) to solve turbulent flows and obtained acoustic waves by solving the linearized perturbed compressible equations. The far field sound pressure of low subsonic turbulent flow noise predicted by their hybrid method was in excellent agreement with experimental measurements. Zhang et al. 3 proposed a hybrid method that combined LES with Lighthill's acoustic analogy to analyze the sound generated by turbulent flow passing through trash racks at the outlet of a pipeline, while Lee et al. 4 computed the turbulent flow in a centrifugal blower and the resulting noise obtained from wall pressure fluctuations. Seo and colleagues 5, 6 have proposed linearized perturbed compressible equations to compute low Mach number aeroacoustics.
Direct numerical simulation (DNS), LES, and the Reynolds-averaged Navier-Stokes method (RANS) are the three most commonly used methods in turbulence simulations, as can be seen in recent works. [7] [8] [9] [10] Among these methods, DNS is too expensive in terms of computational resources, while RANS cannot provide accurate values for the pressure and velocity fluctuations that in turn determine the amplitudes of the sound sources. As a result, LES has become an important and widely used turbulence model for the simulation of flow-induced noise. However, LES theory dictates that this method needs a small size and high quality of boundary mesh. This is costly in terms of computation and memory although still much better than DNS in this regard.
Detached eddy simulation (DES) is a hybrid LES/ RANS approach, first proposed by Spalart et al., 11 which solves the flow near boundaries with RANS when the turbulent length scale is less than the product of a constant and grid size, otherwise solves the flow with LES. Thus, DES can considerably decrease computational costs, and a number of research works on DES methods have been published. Both RANS and DES were used to predict the flow around the Aerospatiale A-airfoil at maximum lift in Kotapati-Apparao et al., 12 with preliminary DES predictions obtained based on experimental validated RANS results. Haupt et al. 13 reported both DES and zonal DES results for flows through a surface-mounted cube at high Reynolds numbers. These two methods both produced high fidelity simulations with a modest grid resolution. Recently, zonal DES was used to investigate the unsteady separated flow around a leading-edge stall airfoil in post-stall conditions, with simulation results compared to detailed experimental results. 14 A DES procedure was also given by Bozinoski and Davis 15 to simulate the flow over a wall-mounted hump, and the mean attachment obtained by DES was in good agreement with experimental data from National Aeronautics and Space Administration (NASA). Details of this method were also provided in a recent review. 16 Different DES methods have also been used to solve flow-induced noise problems. A novel DES, which used a monotone-integrated LES and RANS, was tested for jets in the case of co-flow, with the acoustics computed using the Ffowcs Williams and Hawkings method. 17 In addition, Greschner et al. 18 used a hybrid method combining DES based on a novel cubic explicit algebraic stress turbulence model with the Ffowcs Williams and Hawkings acoustic analogy method to predict sound generated by an airfoil in the wake of a rod.
The finite element acoustic analogy (FEAA) is a method based on Lighthill's 19 acoustic analogy theory that was first proposed by Oberai et al., 20 and which is used in this article. This FEAA method has been used for aero 21, 22 and hydro 23 flow-induced noise simulations, with some comparisons with experiments also available in the literature. [24] [25] [26] The approach relies on a variational formulation of Lighthill's acoustic analogy, in which the acoustic analogy equations are discretized by a finite element discretization in Fourier space, which determines the radiated noise up to the free field, as introduced in Piellard and Coutty, 27 and Actran 28 and the instantaneous noise as in Caro et al. 29 Meanwhile, the method also solves the acoustic equations while taking into account the spectral volume and surface source.
This article is organized as follows. In section ''Simulation strategy,'' we build our hybrid method that combines DES and FEAA, providing both the basic theory and the simulation process. In section ''Simulation strategy,'' we establish the numerical model according to experimental models available in the literature. Section ''Results and discussion'' gives the numerical results obtained using our DES/FEAA hybrid method and compares the results against experimental data and results obtained using a LES/FEAA simulation. Finally, some conclusions and discussion of future work are given in section ''Conclusion.''
Simulation strategy
Detached eddy simulation DES is a method used to solve turbulent flows, and it combines RANS and LES methods. RANS is essentially applied to solve the boundary flow and LES is utilized to simulate the vortex. The turbulent model changes from RANS to LES when the turbulent length scale obtained by RANS is larger than the maximum grid dimension. The size requirement of the mesh near the solid boundary and the time step requirement are much lower when the boundary flow is solved by RANS than when it is determined by LES. As a result, the computational cost of RANS is lower than that of traditional LES-based methods.
The shear-stress transport (SST)-DES method 30 is applied to solve the boundary flow using the k-v SST turbulent model. In this method, the governing equations are as follows
where r is the density, u i is the velocity along the ith space coordinate, k is the turbulence kinetic energy, v is the specific dissipation rate, P k is the production term for k, m is the dynamic viscosity, m t is the turbulent viscosity, and F 1 is the blending factor
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where t ij is the turbulent shear stress, S is the strain rate magnitude, and d is the distance to the surface. The following constants are used in our computation b Ã = 0:09, a 1 = 0:31, s k, 1 = 1:176,
where C DES is a calibration constant used in the DES model and has a value of 0.61, and D is the maximum local grid spacing. The turbulent length scale is the parameter that defines the RANS model
Turbulent flow is solved with RANS when L t is less than C DES D. Otherwise, turbulent flow is solved with LES.
Finite element acoustic analogy
The FEAA method, as a novel implementation of Lighthill's acoustic analogy, was first proposed by Oberai et al. 20 and further discussed in Oberai et al. 31 and Caro et al. 29, 32 The method is based on Lighthill's equation
where r9 is the acoustic density, t is the time, and c 0 is the speed of sound at rest. Lighthill's tensor T ij is defined as follows
In resolving the above equation, we assume that the interaction between turbulent flow and sound can be disregarded. In the frequency domain, Lighthill's equation can be obtained through harmonic expansion
where
The strong variation statement associated with equation (3) can be written as follows
where dc is the test function, and O is the part of the computational domain. Spatial derivatives are integrated by parts in accordance with Green's theorem to obtain a weak variational form
where G is the surface of the computational domain.
In FEAA, Lighthill's equation is modified using a finite element method (FEM) in the frequency domain. In this manner, dipoles are computed as a rigid wall boundary, and quadrupoles are simulated directly.
DES/FEAA hybrid method
The flow-induced noise simulation hybrid method in this article couples DES with the FEAA method. The main steps for performing the simulation are as follows:
1. Obtain the time history of unsteady velocity and pressure fluctuations through DES with the computational fluid dynamics (CFD) mesh during turbulent flow simulation; 2. Use the unsteady velocity and pressure field to compute the divergence of Lighthill's tensor on the CFD mesh; 3. Map the calculated quantity onto the acoustic mesh by integrating over the CFD mesh with the shape functions of the acoustic mesh; 33 4. Transform the time-dependent data into the frequency domain using direct Fourier transform; 5. Perform the acoustic simulation with Lighthill's acoustic analogy theory in the frequency domain (equation (6)).
Simulation strategy

Numerical model
For this article, we simulate a three-dimensional cavity model, which is similar to a valve, and which is similar to an experiment conducted by Lafon et al. 34 The 
CFD mesh and boundary conditions
The CFD mesh and boundary conditions are shown in Figure 2 . In the turbulent flow simulation, the inlet boundary is set as the velocity boundary, while the velocity profile is set the same as in the experiment. In addition, the outlet is the pressure boundary condition and the wall of the cavity is set as a no-slip wall. A structured mesh of 6.5 3 10 5 is used in the DES computation, and the span of the simulation model is divided into 20 layers in the CFD mesh. The minimum grid size is 0.7 mm, and y + is less than 100. The amount and grid size of the CFD mesh used in our study are almost the same as those used in a previous study to compare our findings with previously described numerical solutions. 3 The time step in the LES computation is 8.0 3 10 25 s, so the Courant-Friedrichs-Lewy (CFL) number is between 1 and 5.
Acoustic mesh and boundary conditions
The structured acoustic mesh and boundary conditions are shown in Figure 3 . The FEAA computation uses two domains: the sound source domain and the sound propagation domain. The time history of velocity and pressure obtained from the LES computation are interpolated into the sound source domain. After the sound transforms through the sound propagation domain, it is computed by an infinite element method (IFEM). The minimum grid size is 1 mm, resulting in a total of 1.8 3 105 elements. This mesh is compared with a coarse mesh and a fine mesh. The fine mesh contains approximately 2.7 3 10 5 elements. The coarse mesh consists of approximately 9.0 3 10 4 elements. The simulation results are shown in Figure 4 . Figure 4 also reveals the sound pressure level (SPL) at a point 0.5 m above the bottom. Numerical results indicate that the three types of mesh slightly differ in the sound computation. Therefore, the level of the current mesh for acoustic analysis can be considered adequate. The wall of the sound source domain is assumed rigid while the wall of the sound propagation domain is set as the infinite acoustic boundary.
Results and discussion
Turbulent flow
The monitor point for the pressure is 0.1 m downstream from the center of the cavity. Figure 5 gives the time history of the pressure at the monitor point, with the time made dimensionless by multiplying by the maximum flow velocity and dividing by the length of the cavity. As can be seen from the figure, the pressure does change with time, but remains near a value of 2.0 3 10 5 Pa and the range of the change is stable. Considering the properties of the LES model used in the DES method, this result shows that the CFD results are stable and thus can be used in our subsequent acoustic computation.
The two-dimensional cross-section velocity vectors for the region in and near the cavity are given in Figure 6 . From the figure, we can see that the velocity of the flow inside the cavity is much lower than the outside flow. Moreover, a vortex generated by the outside flow occupies most parts of the cavity, and several small vortices form near the cavity wall. The flow velocity changes dramatically at the opening of the cavity, and the flow becomes unstable downstream.
Flow-induced noise
The SPL in the frequency domain at the monitor point located at the bottom center of the cavity is given in Figure 7 , with the SPL from the monitor point 0.5 m away from the bottom also added to the figure for comparison.
For frequencies ranging from 100 to 3200 Hz, the SPL of the monitor point at the bottom of the cavity is larger than the SPL at a point 0.5 m above the bottom through virtually the entire measured frequency domain. Note that the SPL decreases with increasing frequency for frequencies lower than 500 Hz. Above this frequency, two peaks appear for both monitor points at approximately 1200 and 2300 Hz. We can explain this phenomenon using the excitation mode theory of the cavity, as described in the related experiment paper. 34 Furthermore, comparing Figure 7 and the results obtained in Zhang et al., 3 we can see that the peaks obtained by the DES/FEAA method are broader and less clear than the results obtained using the LES/FEAA method. The values for the frequency and SPL for both peaks corresponding to the monitor point at the bottom of the cavity are listed in Table 1 .
The experimental data 34 and the simulation results using the LES/FEAA method 3 are also given in the table in order to validate our hybrid method. The percentage error values in Table 1 indicate the percent difference relative to the experimental data. In the 34 the frequency of the first peak was in good agreement with the measured data although the pressure level was 17 dB lower than the experimental value. In addition, the second peak was not obvious. According to the table, the frequencies of the two peaks obtained through the DES/ FEAA method are lower than the experimental data. Moreover, the results obtained by the LES/FEAA method are more accurate than the DES/FEAA hybrid method, particularly for predicting the first peak. However, it is worth noting that both methods obtain results that are acceptable for engineering applications. Figure 8 shows the SPL contour of the mid-section at 500 and 1000 Hz. As shown in the figure, the noise source is mainly on the downstream side of the opening. The SPL at 1000 Hz inside the cavity is much higher than at 500 Hz, which shows the effects of the first peak.
Conclusion
We have developed a hybrid DES and FEAA method that simulates flow-induced noise at low Mach numbers in pipes. During simulation, the turbulent flow is computed using DES. Flow-induced sound is obtained through FEM based on Lighthill's acoustic analogy theory. A three-dimensional cavity model is simulated. 
